Direct demonstration of decoupling of spin and charge currents in
  nanostructures by Urech, M. et al.
ar
X
iv
:c
on
d-
m
at
/0
60
21
39
v2
  [
co
nd
-m
at.
me
s-h
all
]  
14
 Fe
b 2
00
6
Diret demonstration of deoupling of spin
and harge urrents in nanostrutures
M. Ureh, V. Korenivski, N. Poli, & D. B. Haviland
Nanostruture Physis, Royal Institute of Tehnology, 10691 Stokholm, Sweden
Abstrat
The notion of deoupling of spin and harge urrents is one of the basi priniples underlying the
rapidly expanding eld of Spintronis. However, no diret demonstration of the phenomenon exists.
We report a novel measurement, in whih a non-equilibrium spin population is reated by a point-like
injetion of urrent from a ferromagnet aross a tunnel barrier into a one dimensional spin hannel,
and deteted dierentially by a pair of ferromagneti eletrodes plaed symmetrially about the
injetion point. We demonstrate that the spin urrent is stritly isotropi about the injetion point
and, therefore, ompletely deoupled from the uni-diretional harge urrent.
1
2Eah individual eletron in a ondutive material transports a quantum of harge as well
as a quantum of spin. This harge-spin oupling, fundamental for individual eletrons, is
generally broken for ensembles of eletrons. For the ensemble, spin is not onserved beause
spin-ip sattering provides a means of reversing the spin of the eletron. No omparable
mehanism exists for hanging the harge of the eletron, and harge is stritly onserved.
Even though the notion of spin-harge deoupling of urrents [1℄ is one of the basi onepts
underlying the rapidly expanding eld of Spintronis [2℄, no diret demonstration of the
phenomenon exists and ontroversies persist [3, 4, 5, 11, 12℄. We report a novel measurement,
in whih a non-equilibrium spin population is reated by a point-like injetion of urrent from
a ferromagnet aross a tunnel barrier into a metalli nanowire, and deteted dierentially
by a pair of ferromagneti eletrodes plaed symmetrially about the injetion point. We
demonstrate that the spin urrent in the wire is stritly isotropi about the injetion point
and therefore ompletely deoupled from the uni-diretional harge urrent. This devie
reates an ideal soure of pure spin urrent that an be easily ontrolled by the geometry
of the devie. This general onept of 'spin pumping' is urrently of great fundamental and
tehnologial interest, forming the base for new types of spintroni devies [6℄.
Fundamental to the rapidly growing eld of Spintronis is the ability to manipulate spin
urrents in nanostrutures, whih promises new implementations of memory and logi [2℄.
The rst suggestions on spin injetion and its detetion date bak a few deades [8, 1℄. A
spin polarized urrent,
js ≡ j↑ − j↓ ≡ γ(j↑ + j↓) ≡ γjq,
injeted form a ferromagnet (F) into a nonmagneti ondutor (N) reates a spin splitting
of the hemial potential at the F/N interfae, whih is diretly determined by the spin
polarization of the injeted urrent, γ,
▽δµ ≡ ▽(µ↑ − µ↓) = eρN js = eρNγjq.
3Here ρN is the resistivity of N and e is the eletron harge (js and jq are ollinear at the
injetion interfae). This non-equilibrium spin population deays away from the injetion
point into N over a harateristi spin ip length λsf , and is governed by a diusion equation
▽2 δµ(r) =
1
λ2sf
δµ(r). (1)
It is essential to realise that the spin and harge urrents are generally deoupled everywhere
in N exept at the injetion point. This is easily illustrated by writing out the spin-up and
spin-down urrents in N using µ↑,↓(r) ≡ µ0 ±
1
2
δµ(r),
j↑,↓(r) =
1
eρN
▽ µ0(r)±
1
2eρN
▽ δµ(r), (2)
with µ0 being the equilibrium, spin independent eletrohemial potential in N. µ0 is either
onstant or varies linearly with oordinate in regions of non-zero eletri eld E, where it
produes a harge urrent,
jq =
1
eρN
▽ µ0 = σNE.
The important predition of Eq.2 for regions of zero E (outside the path of jq) is that the
urrent of spin-up eletrons is exatly ompensated by the opposing urrent of spin-down
eletrons, whih diminishes the harge ow and doubles the spin ow assoiated with δµ:
j↑ = −j↓, |j↑| = |j↓|. For regions of N with non-zero E the spin and harge urrents are
superposed. The two urrents are restrited to the same path only in the pure 1-D ase,
typial for Giant Magneto Resistane strutures [9, 10℄, but have very dierent proles in the
general ase where the driving eletri eld is non-uniform in N. To date no experimental ev-
idene exists, whih unambiguously veries spin-harge urrent deoupling in nanostrutures
and ontroversies persist in the analysis of multi-terminal spin based devies [3, 4, 5, 11, 12℄.
Here we diretly demonstrate that spin and harge urrents are stritly deoupled in diusive
1D spin hannels.
4Johnson and Byers propose an ideal system for demonstrating deoupling of spin and
harge urrents [11℄, onsisting of a ondutive nano-wire with a spin imbalane reated by
a point injetion of a spin-polarized urrent into the wire and spin-sensitive detetors plaed
symmetrially about the injetion point, whih is illustrated in Fig. 1. The fundamental
deoupling of the spin and harge urrents an be demonstrated by deteting spin signals of
preisely equal strength in both diretions from the injetion point while the harge urrent
ows in only one diretion. It is essential that the magneti detetors are losely spaed from
the injetor within the spin relaxation length in N, ∼100 nm for typial metal lms. The
detetors are probe tunnel juntions, whih should have idential properties. The magneti-
zation states of the detetors must also be arranged by external means to ahieve parallel
and anti-parallel ongurations with respet to the injetor. For this 1-D geometry, with a
point-like injetion at x = 0, the solution of Eq.1 is
δµ(x) ∝ e−|x|/λsf . (3)
The spin signal at the detetor is a diret measure of δµ:
Vs = ±
γ
2e
δµ. (4)
This spin signal is ompared for the loal and non-loal ase, where the detetor is inside and
outside the harge urrent path, respetively. In this letter we report a simultaneous and
dierential measurement of suh loal and non-loal spin signals, whih learly demonstrates
a omplete spin-harge deoupling for urrents in nanostrutures.
Fig. 2 shows a SEM mirograph of the sample fabriated using a two-angle deposition
through a lift-o mask, whih was patterned by e-beam lithography. The injetor and
detetor juntions are formed by depositing and oxidizing a∼100 nm wide and 20 nm thik Al
strip with a subsequent deposition of 55, 65, and 50 nm wide and 40 nm thik Co eletrodes,
overlapping the Al strip. The width and thikness of the Al strip are muh smaller than the
5spin ip length, making it a 1D hannel for spin diusion. The width of the Co eletrodes
was varied to ahieve dierent swithing elds and thereby multiple stable magneti states of
the devie. It is essential that the magneti eletrodes swith in a single domain fashion. We
found [13℄ that in suh Co based overlap juntions two well dened longitudinal magneti
states with sharp inter-state transitions are obtained for narrow eletrodes, 90 nm and less
in width. This length is omparable or slightly smaller than the harateristi domain wall
size in thin Co. Thin, long, and narrow eletrodes an be modelled as single domain partiles
of uniaxial anisotropy, where the width/length ratio determines the longitudinal swithing
eld. Therefore, the smaller the width the higher the swithing eld. Suh a relation for our
geometry is also supported by exat miromagneti simulations [13℄. In order to ne-tune
the width of the Co eletrodes we have adjusted the layout of the devies suh that the total
dose during the mask exposure, inluding the baksattered eletrons, was slightly dierent
for the three magneti eletrodes. For example, baksattering is strongest for the enter
eletrode, making it the widest (65 nm) of the three and therefore with the lowest swithing
eld (1.13 kOe). The outer Co eletrodes were 50 and 55 nm wide with the swithing elds
of 1.62 and 1.45 kOe, respetively.
The measurements have been done using a standard lok-in tehnique at 7 Hz, whih we
found neessary for ahieving ∼ 0.1% level resolution in the spin signal measurements. The
a tehnique resulted in a weak but non-zero indutive rosstalk between the injetion and
detetion iruits, whih saled to zero with dereasing the exitation frequeny. This small
onstant bakground of ∼ 30 nV had no inuene on the spin-dependent signals studied,
whih was veried by measuring the latter at dierent frequenies as well as a d tehnique.
The external eld was applied along the length of the Co eletrodes. The sample was
eletrially haraterized as follows: injeting the urrent from probe 3 to probe 4 (I34), we
measure the non-loal voltages V10 and V20 at two distanes from the injetion point. In
this non-loal measurement onguration, the voltage probes are outside the urrent path.
6Aording to Eqs. 3,4 the ratio of these voltages for our 1-D geometry is
V10/V20 = exp(d12/λsf), (5)
where d12 = 300 nm is the eletrode separation and λsf =
√
Dτsf is the spin diusion length,
found to be 850 nm at 4 K. Here D and τsf are the diusion onstant and spin relaxation
time, respetively. The diusion onstant was alulated from the measured resistivity of
the wire, ρ = 4.0 µΩm, using the Einstein relation D = [e2ρN(EF )]
−1 = 65 m2/s, where
e is the eletron harge and N(EF ) = 2.4 × 10
28
eV
−1
m
−3
is the density of states of Al at
the Fermi energy [15℄. The resulting spin relaxation time is τsf = 110 ps, muh longer than
the Drude sattering time, τp/τsf ∼ 10
−4
. From the measured spin voltages we an also
determine the eetive spin polarization P = 12% (Vi0 ∝ P
2
[11℄). These values are in good
agreement with the reent spin injetion studies on Al lms [5, 14℄ but dier from the early
single rystal Al data [1, 16℄ due to stronger impurity and surfae sattering in thin lms.
In Fig. 3a the loal spin signal (V30, solid line) and the non loal spin signal (V10,
dashed line) are plotted as a funtion of the applied magneti eld, for I42=5 µA. Isotropi
spin diusion neessarily results in these two spin voltages being idential in magnitude. A
preondition is that the detetors have the same physial harateristis, suh as polarization,
whih is ahieved in our ase by the simultaneous deposition of all three juntions. The
swithing of the injetor eletrode at 1.13 kOe (↓↓↓ → ↓↑↓) reverses the sign of the injeted
spin population in the wire. This is measured simultaneously by the two detetors and yields
exatly the same spin voltages, thus demonstrating that the spin urrents are idential in
both diretions while the harge urrent ows only in one diretion. As the eld is inreased,
detetor 1 swithes (↓↑↓ → ↑↑↓), followed by a swithing of the seond detetor (↑↑↓ → ↑↑↑),
again demonstrating the symmetry in the spin urrent.
An even more diret demonstration of the eet is the dierential spin signal (V13) shown
in Fig. 3b, whih, in addition to eliminating the fabriation related unertainties,
7out possible measurement errors, suh as small dierenes in gain and drift of the separate
ampliers and small spin misalignments in the juntion areas. The raw dierential signal
V13 ontains the resistive, spin-independent ontribution from V23 (V23/I42 = 6 Ω) as well as
both spin-dependent signals from V30 and V10. The swithing of the injetor at 1.13 kOe (↓↓↓
→ ↓↑↓) leaves the dierential spin voltage unhanged to within the experimental unertainty
of < 1% (Fig. 3b), while the two omponent signals hange by the maximum amount (Fig.3
a). The slight skew in the signals in Fig. 3a,b as the reversing eld is inreased is onneted
with small spin perturbations in the juntion areas aused by the opposing external eld
(<1.65 kOe). We emphasize however, that the power of our symmetri detetion sheme
is in eliminating this miromagneti unertainty. The hange of the magneti state of the
injetor at a given point in eld (1.13 kOe) hanges both spin signals by the same maximum
amount. However, the magneti states of the detetor eletrodes, even if slightly misaligned,
are not aeted by this instantaneous swithing of the injetor. The dierential signal
therefore remains unhanged (Fig. 3b at 1.13 kOe).
A dierene in width for the two detetor eletrodes was neessary to separately ontrol
the respetive magneti states by an external magneti eld. The small unertainty this
introdues an be estimated as follows. From Eqs. 3,4,5 the variation in detetor width from
50 to 55 nm an be estimated to produe a 0.06% hange in the detetor voltage. A hange in
the detetor width of even a fator of 2 (50 nm to 100 nm) would still have a very small eet
on the the eetive spin signal deteted (∼ 0.1%). The unertainty due to the dierene in
width of our two detetors (5 nm) is thus negligible, determined by the relatively large sale
set by the spin diusion length. The relative weight of the detetor plaement error is on
the other hand larger, and follows diretly from Eq. 5. Our experimental plaement error
for the sample disussed above is approximately 5 nm orresponding to a 0.6% hange in
the detetor voltage, whih is still within the ∼ 1% preision we report. We have measured
several samples with well ontrolled magneti swithing and similar geometrial unertainties,
all onrming the above result at the 1% level.
8In summary, we use a multi-terminal spintroni devie to unambiguously verify the om-
plete deoupling of spin and harge urrents in the regime of diusive transport. The im-
portant onsequene of this deoupling is that numerous reently proposed multi-terminal
spin-based devies should benet in sensitivity by use of non-loal as opposed to loal spin
urrents.
Aknowledgements
Finanial support from the Swedish Foundation for Strategi Researh (SSF) is gratefully
aknowledged.
9Figure aptions:
Fig.1 Shemati of the mehanism of spin and harge transfer for a urrent injeted
from a ferromagnet (eletrode 2) into a non-magneti onduting wire. The spin
urrent is symmetri about the injetion point and is due to opposing urrents of
spin-up and spin-down eletrons (see Eq. 1). The density of the spin urrent (Js,
grey shaded) deays exponentially from the injetion point. The harge urrent
is asymmetri and unpolarised, (Jq, white). The density of the harge urrent is
uniform between the injetor (Inj) and ground (G). The injeted non-equilibrium
spin aumulation an be sensed by ferromagneti detetors in the viinity of the
injetion point (eletrodes 1 and 3) either with respet to the oating end of
the nano-wire (F) or dierentially.
Fig.2 SEM mirograph of the sample onsisting of an oxidized 100 nm wide and 15
nm thik Al strip overlapped by three 40 nm thik Co eletrodes of 55, 65, and
50 nm in width. The juntion resistanes are ∼ 20 kΩ. The injetion-detetion
onguration for non-loal and dierential (loal versus non-loal) measurement
ongurations is indiated.
Fig.3 a) loal (solid) and non-loal (dashed) spin signals measured simultaneously as
a funtion of external eld. b) dierential signal as a funtion of eld. The on-
stant, spin-independent resistive oset (V23/I42 = 6 Ω) has been subtrated from
the raw V30 and V13 signals, allowing a diret omparison of the spin-dependent
signals. The behavior in negative elds is idential. The ∼ 30 nV oset in V10, V30
is due to a spin-independent indutive rosstalk (see text). All data were taken
at 4 K with I42 = 5 µA. The arrows indiate the magnetization states of the
three ferromagneti eletrodes.
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